Helium-peculiar magnetic chemically peculiar stars show variations of helium abundance across their surfaces. As a result of associated atmospheric scale height variations, the stellar surface becomes distorted, with helium-rich regions dented inwards. Effectively, on top of flux variations due to opacity effects, the depressed helium-rich surface regions become less bright in the optical regions and brighter in the ultraviolet. We study the observational effects of the aspherical surface on the light curves of a Cen. We simulate the light curves of this star adopting surface distributions of He, N, O, Si, and Fe derived from Doppler mapping and introducing the effect of distortion proportional to helium abundance. We show that while most of the optical and UV variations of this star result from flux redistribution due to the non-uniform surface distributions of helium and iron, the reduction of light variations due to the helium-related surface distortion leads to a better agreement between simulated optical light curves and the light curves observed with the BRITE satellites.
INTRODUCTION
During their lifetimes, the surfaces of chemically peculiar stars on the upper main sequence acquire significantly different chemical composition than the circumstellar clouds from which they were born. This results from the competing processes of radiative levitation and gravitational settling in their (primarily) radiative atmospheres (Vauclair et al. 1991; Michaud et al. 2011; Alecian et al. 2011) . These processes separate radiatively-supported elements from those that are deposited in the deeper stellar layers.
The chemical separation affects a fraction of the stellar surface, which varies with the age of the star (Vick et al. 2010) . The peculiarities can appear only in layers which are sufficiently stable against mixing processes. As a consequence, chemically peculiar stars are typically slow rotators and mostly avoid close binaries (Carrier et al. 2002) . Moreover, the surface layers of chemically peculiar stars are frequently stabilized by magnetic fields that are likely of fossil origin (Morel et al. 2015; Wade et al. 2016; Grunhut et al. 2017 ) and may also originate in stellar mergers (Bogomazov & Tutukov 2009; Schneider et al. 2019) .
Chemical elements are not distributed evenly across the surface of chemically peculiar stars. They predominantly appear in large surface spots (patches), and the abundance contrast across the surface can approach several orders of magnitude (Lüftinger et al. 2010b; Kochukhov et al. 2014) . This results in spectroscopic line profile variability modulated by the stellar rotation. The associated flux redistribution, which stems from the dependence of opacity on wavelength, leads to periodic light variability at the level of a few percent (Krtička et al. 2012; Prvák et al. 2015) .
Despite the order-of-magnitude variation of abundances in the stellar atmosphere, the structural changes associated with the peculiar composition are generally only modest. The reason is that hydrogen remains the dominant element throughout the stellar atmosphere for most stars. It is only in helium-rich stars that the dominant hydrogen is replaced by helium to a significant extent (Khokhlova et al. 2000; Oksala et al. 2015) . This leads to up to a factor-of-two increase of mean molecular weight and hence a factor-of-two reduction of atmospheric scale height (Norris & Baschek 1972; Mihalas 1973) . These are significant changes that can be most easily detected in photometry.
The inclusion of such distorted stellar surfaces could be important for our understanding of the light curves of chemically peculiar (CP) stars. According to the current paradigm, the light variability results from the flux redistribution from the far-UV to near-UV and visible domains due to the bound-bound (lines, mainly iron or chromium) and bound-free (ionization, mainly silicon and helium) transitions, horizontal surface distribution of elements, and stellar rotation (Krtička et al. 2012; Prvák et al. 2015) . The simulated light curves of CP stars derived from the integrated flux of model atmospheres computed for abundances from Doppler maps typically agree with observations in the ultraviolet (UV) and optical domains. However, there are some details that remain unexplained, for example the difference between the Strömgren u and v light curves of θ Aur or the out-of-eclipse light variations of σ Ori E (Oksala et al. 2015) . In some of these cases a distorted stellar surface may provide an explanation of the discrepancies.
Due to variation of surface helium abundance and the density scale height the stellar surface becomes distorted. We study the effect of distorted surface on the light curves of the helium-peculiar star a Cen (V761 Cen, HR 5378, HD 125823). The star a Cen is of particular interest in this context because it exhibits the most extreme variation of He abundance across its surface of any known He-peculiar star (Bohlender et al. 2010 ). Hence it is the best-suited target to identify the potential effects of surface distortion.
THE SHAPE OF THE STELLAR SURFACE
The distortion of the stellar surface is connected with the variation of density scale height
which is given by the surface gravity g, hydrogen mass mH, and mean molecular weight µ. In a helium-dominated gas, the mean molecular weight changes from about 0.6 for the solar chemical composition to about 1.3 for fully ionized helium. This implies a decrease of the density scale height by a factor of up to about 2 (Norris & Baschek 1972; Mihalas 1973) . However, the real change of the stellar radius is expected to be much smaller, because helium dominates only a fraction of the stellar envelope.
To quantitatively estimate the influence of variable molecular weight on the shape of the stellar surface we used MESA evolutionary models (Paxton et al. 2011 (Paxton et al. , 2013 to calculate the interior structure of a Cen. We adopted the zero age main sequence mass M0 = 5.6 M⊙ and let the model evolve for 32 Myr. These values correspond to the parameters of a Cen as determined by Kochukhov & Bagnulo (2006) .
We assume that the helium-rich region extends from the stellar surface up to the depth where the gas energy density 3ρkT /(2µmH) starts to dominate the magnetic field energy density B 2 /(8π). One can expect that below this region the mixing processes do not allow for strong helium enrichment. The depth of this region was derived from the MESA model assuming magnetic field strength of 8 kG, which corresponds to the maximum modulus of the surface field of a Cen as derived from the magnetic Doppler imaging (MDI, Wade et al. 2017, Huang et al., in preparation) . In a particular stellar model, this happens at the radius 0.987 R * corresponding to a Rosseland optical depth τRoss = 460. We modified the derived MESA model by replacing hydrogen and helium mass fraction in the layers dominated by magnetic field by X = 0 and Y = 0.98, respectively, and we let the model evolve for an arbitrarily short time of 1 yr. This should be long enough to allow the model to relax to a new hydrostatic structure of the outer layers, because the timescale of the approach to hydrostatic equilibrium is order of days for the whole star. The change of surface chemical composition resulted in a negligible change of the stellar luminosity, but the stellar radius R * decreased by about 0.84% and the effective temperature increased by roughly ∆Teff = 80 K. The total brightness variations due to the distorted surface is a combination of the effect of the higher effective temperature and smaller radius, which compensate each other to keep the luminosity constant. The change of brightness as a function of wavelength can be described by a ratio of emergent fluxes H λ calculated for the normal stellar effective temperature Teff and for the effective temperature increased by ∆Teff,
where the geometrical factor accounts for a smaller radius Rw at the location of the distortion. From Fig. 1 it follows that in the farultraviolet regions the temperature effect dominates due to the redistribution; therefore these wavelength regions become brighter.
On the other hand, in the visible and near-ultraviolet regions the geometric factor dominates and these layers become fainter. These changes contribute to the larger flux variations caused by the opacity effects (Krtička et al. 2007 ), but affect only helium-rich regions of the stellar surface. The distortion of the stellar surface contributes to the deviation from the spherical symmetry. Because the surface layers are rigidly rotating due to the magnetic field, the surface distortion leads to the precession of the star. Such problems were studied in the context of the influence of magnetic field on the stellar structure (Mestel & Takhar 1972; Lander & Jones 2017) . The timescale of the evolution of the direction of the rotational axis is roughly given by the angular frequency of precession (2π/P ) (Iw−I0)/I0, where P is the period of rotation and Iw and I0 are moments of inertia about the normal to the helium-rich region and about the principal rotation axis, respectively (assuming helium spot at the equator). From this follows the typical timescale of about 10 4 yr, which was determined using the moments of inertia calculated from the output of the MESA models discussed above.
The precessional motion of the rotational axis can be observationally tested by study of rotational period variations, but corresponding changes are very small (Mikulášek, et al. 2008 ). On the other hand, the bulk of the star is not confined by the magnetic field and the precessional motion is accompanied by interior flows, which are oscillatory on the precession timescale (Mestel & Takhar 1972; Lander & Jones 2017) . This could possibly explain long Table 1 . Parameters of a Cen (Huang et al., in preparation) .
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timescales of rotational period evolution observed in some helium peculiar stars (Mikulášek, et al. 2008; Shultz, et al. 2019) , that cannot be explained by rotational braking by magnetized wind (Ud-Doula, Owocki & Townsend 2009). The stability considerations require that the star rotates along the axis with largest corresponding moment of inertia, that is, with helium-rich regions located around the poles. This does not appear in real stars implying either long relaxation processes or the existence of another stronger surface distortion.
The distortion of the stellar surface due to helium abundance variations may be modified by the effect of the magnetic field (Mihalas 1973) . While the poloidal field likely does not significantly contribute to the pressure gradient due to small variations of the poloidal field component in the atmosphere, the toroidal field component may have more significant effect.
ULTRAVIOLET AND VISUAL VARIABILITY

The observed rotational variability of a Cen
The magnetic helium weak/strong chemically peculiar star a Cen is known as spectroscopic, photometric, and magnetic variable with a period of 8.817 d which was identified with its rotational period (Mihalas 1973; Catalano & Leone 1996) . The simultaneous analysis of 99 497 relevant observational data covering the time interval 1967-2016 shows that the observed variations can be satisfactorily well approximated by the linear ephemeris JD = 2 451 977.386(19) + 8.816 966(10) × E.
(
The period analysis, which is based on uvby (Norris 1971; Pedersen & Thomsen 1977; Catalano & Leone 1996) , Hipparcos (ESA 1997), SMEI (Pigulski, priv. comm.), and BRITE photometry, He line strengths (Norris 1971; Underhill et al. 1975; Pedersen & Thomsen 1977) , magnetic field measurements (Borra et al. 1983) , and our own He line spectroscopy and magnetic field measurements, will be published elsewhere (Mikulášek et al., in preparation) . The zero phase corresponds to the maximum strength of He lines. We used this ephemeris for the simulations that follow 1 .
Simulation of the SED variability
The simulation of the variability of the spectral energy distribution (SED) of a Cen is based on the model atmosphere 
−5.9 −5.4 −4.9 −4.4 −3.9 −3.4 −2.9 −2.4 −1.9 code TLUSTY200 (Hubeny 1988; Lanz & Hubeny 2003) . The list of included elements, ionization states, and the atomic data used for the atmosphere modelling are the same as used by Lanz & Hubeny (2007) . The data are appropriate for B-type stars and they were mostly calculated within the Opacity and Iron Projects (Seaton et al. 1992; Hummer et al. 1993 ). Our calculations assumed the (fixed) effective temperature and surface gravity given in Table 1 . We calculated a grid of LTE model atmospheres parametrized by abundances of helium, nitrogen, oxygen, silicon, and iron (see Table 2 ). The abundances cover the range of abundances found on the surface of a Cen from the MDI, except for the lowest abundances of helium, nitrogen, and oxygen. Our test showed that these elements at their lowest abundances found from the MDI do not significantly influence the emergent flux. For all other elements not included in the MDI we assumed solar abundances after Asplund et al. (2009) . In the model atmospheres, we assumed the chemical stratification to be vertically homogeneous, although vertical abundance gradients may exist in helium rich stars (Vauclair et al. 1991; Leone & Lanzafame 1997; Leone 1998 ). In the following εel denotes abundances relative to hydrogen by number, i.e., εel = log (Nel/NH). Synthetic spectra were calculated from the model atmospheres using the SYNSPEC45 code assuming the same abundances as the model atmosphere calculations. For the grid of abundances specified in Table 2 , we derived the abundance-dependent specific intensities I(λ, θ, {ε}) for 20 equidistantly-spaced values of cos θ, where θ is the angle between the normal to the surface and the line of sight, and {ε} denotes vector of abundances, {ε} = (εHe, εN, εO, εSi, εFe). The original linelist provided with SYNSPEC45 was extended by about 23 million iron lines derived from theoretical and observational line lists downloaded in 2013 from the Kurucz website 2 .
The basic photometric quantity observed at a distance D from the star is the radiative flux in a band c (Hubeny & Mihalas 2014) 
where R * is the stellar radius. The specific intensity Ic(θ, Ω) in the band c varies across the stellar surface. The intensity is obtained by interpolating between intensities from the grid of Ic(θ, {ε}) at each surface point with spherical coordinates Ω. The intensities from the grid are calculated as
The response function Φc(λ) for individual bands is derived by either fitting the tabulated response functions for BRITE bands (Weiss et al. 2014) or simply assuming a Gaussian function for UV and uvby variations (see Krtička et al. 2007 for adopted coefficients for Strömgren bands). For a comparison with the observed light variations we calculate the magnitude difference in a given band defined as
where fc is calculated from Eq. 4. Here f ref c is the reference flux obtained under the condition that the mean magnitude difference over the rotational period is zero.
The influence of the aspherical distorted stellar surface was approximated by a function
where we selected ∆ε = 0.2 and the values of w 0 λ were taken from Fig. 1 . The function was selected for convenience, because it gives w λ = 1 for small εHe and w λ = w 0 λ for large εHe. The effect of distortion was included in our simulations by multiplication of intensities expressed by Eq. (5) by w λ .
There is an additional effect connected with distortion of the stellar surface in addition to the change of the surface brightness. As a result of distortion, the normal to the surface no longer has a radial direction, but is tilted with respect to the radial direction. This has to be accounted for when interpolating between the specific intensities as a function of θ in Eq. (4). We included this effect in our models and it turns out that this leads to a change of the light curve on the order of 10 −4 mag. Because we do not know the detailed structure of the surface anyway, we neglected this effect in the simulated light curves presented here.
Influence of abundances on model atmospheres and emergent flux: the case without surface asphericity
Individual elements influence the temperature distribution via light absorption due to bound-bound (line) and bound-free (continuum) transitions. As a result, the temperature in the continuum-forming region of the model atmosphere (for τross ≈ 0.1 − 1) increases with increasing abundance of given element (see Fig. 2 ). The influence of helium, silicon, and iron is the strongest, while the effect of nitrogen and oxygen is only marginal. Enhanced opacity in atmospheres with overabundance of individual elements together with the associated modified temperature structure lead to the redistribution of flux from wavelength regions with strong opacity of a given element to regions with low opacity. Because the regions with strong opacity appear typically in the far-UV region, the flux is typically redistributed from the far-UV to the near-UV and optical regions (see Fig. 3 ). Consequently, overabundant spots are typically bright in the visual and near-UV bands, and are dark in the far-UV bands. However, these variations are not monotonic due to the non-monotonic dependence of opacity on wavelength.
These flux changes can be detected as SED variability in the UV and optical regions. To understand the optical variations, we also plot the relative magnitude difference
as a function of wavelength in Fig. 3 . Here H ref λ is the reference flux calculated for nearly solar chemical composition (εHe = −1.0, Fig. 3 it follows that the absolute value of the relative magnitude difference is the largest in the u-band of the Strömgren photometric system due to helium and iron, while the relative magnitude difference is nearly the same in the visual bands (v, b, and y). An apparent maximum of the relative magnitude difference in the u-band in the model with enhanced helium abundance is caused by the filling of the Balmer jump. In the helium-rich models (typically for εHe > 0.5), the hydrogen Balmer jump vanishes, while the jumps due to helium become visible. From Fig. 3 it also follows that nitrogen and oxygen do not significantly influence the visible light curve.
Predicted visual and ultraviolet variations
Simulated light curves were calculated from Eq. (6) as a function of rotational phase. We used the abundance maps derived from MDI (Wade et al. 2017, Huang et al., in preparation) and the emergent fluxes computed with the SYNSPEC code. As a first step, we studied the influence of individual elements separately, neglecting the distorted surface. We calculated visual light variations from the abundance map of a single element, assuming fixed abundance of other elements (εHe = −1.0, εN = −3.9, εO = −2.6, εSi = −4.5, and εFe = −4.4). Fig. 4 shows that helium and iron contribute principally to the visual light variations. These elements show large overabundance in the spots and large abundance variations on the stellar surface. The light curves reflect the abundance variations on the visible part of the stellar surface. As a result of the anticorrelation of the helium and iron surface distributions, the light curves due to these elements are also anticorrelated. The influence of nitrogen, oxygen, and silicon on the visual light variations is only marginal. This is not unexpected in the case of nitrogen and oxygen, but the light curves due to the silicon show surprisingly low amplitudes. The reason is the same for all these elements, because they do not significantly influence the emergent flux (see Fig. 3 ) and none of these elements show large spots close to the center of the visible disk. A small role of silicon in the overall light variability of a Cen was already unveiled by Molnar (1974) . The light curve calculated from the surface distributions of all elements is given in Fig. 5 for the Strömgren photometric system and in Fig. 6 for the BRITE observations. The light curve is dominated by iron in the optical region, and helium influences the light curve in the u color. The adopted model explains most of the light variability in the optical bands vby of the Strömgren photometric system and in the blue and red bands of BRITE. The inclusion of surface distortion via Eq. (7) dampens the variations due to helium and leads to a better agreement between light curves predicted for a Cen and observed with the BRITE satellite (Fig. 6) . For BRITE photometry, the inclusion of surface distortion leads to a decrease of reduced χ 2 from 19 to 13 in the blue domain and from 10 to 7 in the red domain.
It remains unexplained why the shape of the light minimum during the phases ϕ ∈ [−0.1, 0.4], where our model predicts local maximum due to helium, is not reproduced by the observations. This is particularly clear in comparison with the BRITE data. The local maximum due to helium is (in accordance with Fig. 3 ) strongest in the near-UV u band. Helium dominates the light curve due to large spot with εHe > 0.5 on the visible hemisphere. The corresponding feature is completely missing in the observations. As a result of this, the observed and predicted light curves disagree around phase ϕ ≈ 0.0 in u. The disagreement in the u colour could be connected with the fact that the variations due to iron and helium partially cancel in this domain. Consequently, the predicted light variations are particularly sensitive to inaccuracies in the abundance maps or model opacities. Omission of additional elements, NLTE effects or vertical abundance stratification may also contribute to the disagreement between observation and theory. Sokolov (2012) concluded that besides iron also chromium and nickel shape the UV flux distribution of a Cen, thus possibly affecting the optical light variability. Wade et al. (2017) discussed presence of pulsations with similar amplitude as that due to distortion. However, their effect on the BRITE curve is rather small, because period of pulsations and rotation are not commensurable and the BRITE light curve was averaged in phase intervals.
The light variability is caused by the flux redistribution from short wavelength regions. This results in UV flux variations detected by Molnar (1974) and Sokolov (2012) . To test the predicted UV light curves, we extracted large-aperture, low-dispersion IUE spectra of a Cen from the INES archive (Wamsteker et al. 2000, see Table 3 ) using the SPLAT package (Draper 2004; Škoda et al. 2014) . The comparison of observed and predicted narrow-band UV variations calculated using a Gaussian filter with dispersion of 50Å is given in Fig. 7 . Because the UV variations are dominated by the effect of opacities and the effect of distortion is marginal in the UV domain, we plot only the light curves that account for both surface opacity variations and distortion. The comparison shows that the (Pedersen & Thomsen 1977; Catalano & Leone 1996) . Light curves in individual filters were vertically shifted to more clearly illustrate the light variability. flux variations agree nicely, with the difference between observations and simulation being comparable to the observational uncertainty.
As follows from Fig. 3 , light variations in UV are dominated by iron. Near-UV variations with λ > 1700Å are in phase with optical variations (Sokolov 2012) , because iron-rich regions are bright in this wavelength domain (see Fig. 3 ). On the other hand, iron line absorption is especially important around 1550Å. For the shortest wavelengths observed, around 1200Å, silicon and helium also influence the flux variations. Our calculations agree with the results of Sokolov (2012) , who also found that iron, silicon, and additionally carbon determine the flux distribution and its variability in the UV spectral domain of a Cen.
The simulated ultraviolet SED agrees nicely with the observed flux distribution at individual rotational phases (Fig. 8) . The flux distribution is plotted for the rotational phases close to the maximum of iron and helium line strength.
CONCLUSIONS
We studied the effect of an aspherical distorted stellar surface on the observational properties of helium chemically peculiar stars. Helium-rich magnetic chemically peculiar stars show uneven surface distributions of helium. As a result of this, the density scale height varies across the stellar surface. Consequently, helium-rich regions are depressed inwards and show effectively lower local radius and higher effective temperature, keeping the total luminosity constant. From the photometric point of view, helium-rich regions become slightly brighter in the far-ultraviolet region due to the distortion of the stellar surface, while becoming fainter in the nearultraviolet and optical regions.
We demonstrated the effect of the distorted surface on heliumrich magnetic chemically peculiar star a Cen. We calculated model atmospheres with a chemical composition corresponding to the abundance maps derived using magnetic Doppler imaging of this star. We integrated the emergent flux across the chemically inhomogeneous stellar surface to predict the light variability. We have shown that most of the light variability is due to the redistribution of the flux from far-ultraviolet to the near-ultraviolet and optical re- gions due to variable blanketing caused by iron line transitions and helium bound-free transitions. The effect of surface distortion causes additional light variability with amplitudes of the order of millimagnitudes. It contributes to the light variability caused by variable blanketing and leads to improvement of the agreement between predicted and observed light curves in the optical region. However, the modification of the light curve caused by the surface distortion is smaller than the difference between predicted and observed light curves. Consequently, additional effects likely contribute to the observed light curve. The effect of distortion is negligible in the UV region, where the amplitude of the light variability is larger, and where the flux redistribution due to the abundance spots nicely reproduces the observed flux variations.
Although surface distortion is not a dominant effect for the light variability of chemically peculiar stars, it affects photometry with millimagnitude precision. Therefore, it is required to obtain good detailed agreement between simulated and observed light curves of helium rich chemically peculiar stars.
